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The magnetization processes of highly ordered FePt~001! films with large perpendicular magnetic
anisotropy have been studied. The film morphology was controlled from isolated particles to
continuous film by varying the nominal thickness (tN) of the FePt film sputter deposited directly on
a MgO~001! substrate at an elevated temperature. A drastic change in the coercivity by one order of
magnitude has been found at the critical thickness (tN545 nm) where the film morphology changes
from a particulate to a continuous state. A huge coercivity exceeding 40 kOe has been achieved in
the film with tN510 nm, which comprises single domain particles with an average lateral size of




































maUnderstanding of magnetization processes in magne
nanometer size is of great technological and scientific in
est, because nanoscale patterned or particulate magnets
lead to important applications in various magnetic devi
such as high density recording media and bias magnet
monolithic microwave integrated circuits. For these appli
tions, an assembly of nanomagnets with a large uniaxial
isotropy is required. The magnetization processes of fine
ticles and their assemblies have been extensiv
investigated for many years.1–3 The magnetization process
and therefore the coercivity, should depend strongly on
characteristic size and the morphology of materials. Ho
ever, up to now, little work has been done to correlate
perimentally measured magnetization behavior with the
tual nanostructural information of ultrathin films.
TheL10 ordered@CuAu ~I! type# FePt alloy has attracte
much attention in recent years because of the large unia
magnetocrystalline anisotropy.4 The epitaxial growth of FeP
films with the c axis normal to the film plane was invest
gated by conventional deposition techniques5–10 such as
sputtering and molecular beam epitaxy~MBE!. Much atten-
tion has been paid to seek appropriate seed and buffer la
between a single crystalline substrate and FePt thin films,11,12
in order to control the crystal orientation and the degree
chemical ordering. In most cases, however, the coerci
realized in highly ordered FePt films was less than 20 k
The present study demonstrates that extensive variation
the film morphology occur ranging from particulate to co
tinuous states by changing the nominal thickness of the F
film.
Samples were deposited in a high-vacuum system~base
pressure;5310210 Torr! using multiple dc sputtering with
codeposition of Fe and Pt directly onto single crystalli
MgO~001! substrates. The targets were commercial produ
with purities higher than 99.99% at. % for Fe and 99.9 at
for Pt. High-purity argon of 1.4 mTorr was flown durin
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sputtering. The substrates were attached to a rotating ta
and were heated to 700 °C during the deposition. The no
nal thickness of the FePt film (tN) was varied in the range
between 10 and 100 nm. The composition of the films w
determined to be Fe52Pt48 ~at. %! by electron probe x-ray
microanalysis~EPMA!. The typical growth rate for FePt wa
0.12 nm/s.
X-ray diffraction ~XRD! with Cu Ka radiation was per-
formed for structural characterization. Figure 1 shows a
ries of XRD patterns fortN510 nm ~a!, 45 nm ~b!, 50 nm
~c!, and 100 nm~d!. In addition to the fundamental~002! and
~004! peaks,~001! and ~003! superlattice peaks of theL10
phase have been clearly observed for all the samples.
unlabeled sharp peaks are due to the MgO substrate.
peaks from the other planes of theL10 ordered structure are
il:
FIG. 1. X-ray diffraction patterns for FePt thin films with different film
thicknesses: 10 nm~a!, 45 nm~b!, 50 nm~c!, and 100 nm~d!.0 © 2002 American Institute of Physics

















































1051Appl. Phys. Lett., Vol. 81, No. 6, 5 August 2002 Shima et al.seen because of the strong~001! texture. From the integrate
intensities of the fundamental and superlattice peaks
tracted from numerical fitting, the degree of long ran
chemical ordering parameterS was estimated to be 0.9
60.05 for all the films. The detailed procedure for the eva
ation has been described elsewhere.12
Figure 2 shows a transmission electron microsco
~TEM! image fortN510 nm. The films were grown with the
island growth mode. Strongly faceted islands of FePt p
ticles are observed with large size distribution. The ma
facet planes are~100! and~010!, and the minor facet plane i
~110!, indicating that the surface energy of the~100! planes
is the lowest. When particles are small, the surface and
terfacial energies are large with respect to the volume
energy, and thus small particles would show clear facet
The stripe contrast observed in the particles are the Ḿ
pattern originating from the lattice parameter difference
tween FePt particles and MgO substrates, and their dista
is approximately 2.2 nm as expected from the lattice m
match between FePt and MgO withaFePt50.40 nm and
aMgO50.42 nm, respectively. The selected area diffract
pattern shows that the orientation relationship~OR! between
the FePt particles and the MgO substrate is cube–cube
that is (001)FePti(001)MgO and ^100&FePti^100&MgO. The
sizes of the particles are widely distributed with a typical s
of about 50 nm per side. In addition, much smaller partic
are observed. This suggests that a number of small part
were formed in the initial stage of the film deposition, th
they coalesced to form big particles.
A remarkable change in the morphology of the film
observed from the films with different thicknesses, as sho
in Fig. 3. With increasing the film thickness, the typical si
of particles increases from;50 nm for tN510 nm to about
400 nm fortN520 nm. With further increase oftN , particles
grow and coalesce, forming an interconnected isotro
maze-like pattern. The maze-like particles do not perco
for tN<45 nm. However, the percolation occurs fortN
550 nm, and the film changes from the discontinuous
continuous morphology. The electron transport measu
ments also reveal that there is a drastic change in elect
resistance betweentN545 and 50 nm. The resistances a
800 MV and 810V for tN545 and 50 nm, respectively. Wit
further increase oftN , the percolated network expands at t
expense of the voids.
Superconducting quantum interference device~SQUID!
magnetometry measurements revealed that there is a s
FIG. 2. TEM bright field image and selected area diffraction~SAD! pattern
























tN dependence of the coercivity (Hc). Figure 4 shows mag-
netization curves at different film thicknesses. The magn
easy axis is perpendicular to the film plane for all t
samples, since the@001# axis of the tetragonalL10 ordered
structure is perpendicular to the film plane as demonstra
in Fig. 1. HugeHc of about 40 kOe, which was measure
perpendicular to the film plane, was obtained fortN
510 nm at room temperature. Since the maximum magn
field of 55 kOe in the SQUID is not sufficient to saturate t
magnetization, the real value ofHc and saturation magneti
zation (Ms) might be even higher. With increasing the film
thickness, the coercivity decreases slowly, but still keep
quite large value of about 25 kOe fortN545 nm. However, a
drastic change of the magnetization curves is observed
tweentN545 and 50 nm. This critical region corresponds
the change in the morphology of the films from a particula
to a continuous state. With further increase oftN , the mag-
FIG. 3. TEM images of FePt thin films for different film thicknesses: 10 n
~a!, 15 nm~b!, 20 nm~c!, 45 nm~d!, 50 nm~e!, and 60 nm~f!.
FIG. 4. Magnetization curves for FePt thin films with different film thick
nesses: 10 nm~a!, 20 nm~b!, 45 nm~c!, 50 nm~d!, 60 nm~e!, and 100 nm
~f!. The magnetic field was applied in the perpendicular direction to the
~solid line! and in the in-plane direction~broken line!.































































1052 Appl. Phys. Lett., Vol. 81, No. 6, 5 August 2002 Shima et al.netization becomes easier to be saturated for perpendic
direction. In Fig. 5, the magnetic properties and electri
resistance as a function oftN are summarized. A large coe
civity was obtained fortN<45 nm, and a drastic change b
one order of magnitude is observed betweentN545 and 50
nm, as shown in Fig. 5~a!. In order to consider the magnet
zation process, the nucleation field (HN), at which the mag-
netization begins to drop with decreasing the field after sa
ration, is estimated. In the case of the films with lar
coercivity, the nucleation fields are defined from the cro
point of the extrapolation of the values of saturation mag
tization and the tangential line at the coercivity. The behav
of HN is similar to that of coercivity:HN also changes dras
tically betweentN545 and 50 nm. The uniaxial magnet
anisotropyKu determined from the area enclosed betwe
the magnetization curves in applied fields parallel and p
pendicular to the film plane are also shown in Fig. 5~c!. The
films for tN>25 nm showed a large value of 6.0 .5
3107 erg/cc, which is very close to the value of fully o
dered FePt alloys (73107 erg/cc). Although no jump is see
betweentN545 and 50 nm,Ku decreases gradually withN ;
this is thought to be attributed to the lack of magnetizat
saturation associated with the fact that at very small fi
thicknesses the coercivity in some crystallites is larger t
the maximum applied field~55 kOe!.
A large distribution in the particle size is observed f
tN<45 nm, and the morphology changes from small isola
particles to maze-like discontinuous particles in this regi
as shown in Fig. 3. Although the rotation of the magneti
tion, including an incoherent process such as buckling,
dominating mechanism in small single-domain particles,
nucleation of domains becomes significant when the part
FIG. 5. Magnetic properties and electric resistance for FePt thin films
function of film thicknesstN . Magnetic properties are coercivityHc ~a!,
nucleation fieldHN ~b!, and the uniaxial magnetic anisotropyKu ~c!, respec-
















size increases,13 resulting in the decrease of coercivity in th
region. When the particles grow and coalesce, percola
occurs fortN550 nm. Then, the magnetization process o
curs mainly by domain wall displacement andHc drops dra-
matically. However, there are still some isolated particles
tN550 nm. The magnetization curve characteristic of the
existence of particles and connected regions is observed
tN550 nm. We find two characteristics in the magnetizati
curve; one is the sudden drop of the magnetization11,14at low
field (HN52600 Oe), the other is the high field required
saturate the magnetization. These indicate a low resistanc
the movement of the nucleated domain walls within the
terconnected regions, and the existence of the particles
much higher nucleation fields. The latter is attributed to
small single domain particles that are present between
interconnected particles. With further increase intN , the
magnetization becomes easy to be saturated, owing to
disappearance of isolated particles.
This work has clearly demonstrated that a drastic cha
occurs in the magnetization process of the ordered epit
ally grown FePt films with large perpendicular anisotro
when their morphologies change from particulate to conti
ous ones. Huge coercivity as high as 40 kOe was obtai
from ultrathin films of single domain particulate morpholog
This will give fruitful suggestions for not only further theo
retical descriptions for actual nanometer scale magnets
also future magnetic applications, such as high-density
pendicular magnetic recording media and artificial pattern
media.
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